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Abstract. In the Pliocene Model Intercomparison
Project (PlioMIP), two sets of experiments are suggested.
One includes a reference and a mid-Pliocene experiment
run with atmosphere general circulation models (AGCM
experiments, referred to as Experiments I), the other includes
a pre-industrial and a mid-Pliocene experiment run with cou-
pled ocean-atmosphere general circulation models (AOGCM
experiments, referred to as Experiments II). In this paper,
we describe the AGCM experiments with the atmosphere
component in the low-resolution version of the Norwegian
Earth System Model (NorESM-L), and also assess the
potential uncertainties in analyzing mid-Pliocene climate
anomalies that might result from the choice of the sea sur-
face temperature (SST) forcing for the reference experiment
(pre-industrial or modern). We carry out a mid-Pliocene
experiment, a control experiment forced by the modern SST
ﬁelds, and a pre-industrial experiment forced by the monthly
SST ﬁelds from HadISST averaged between 1879 and 1900.
Our experiments illustrate that the simulated mid-Pliocene
global mean annual surface air temperature (SAT) is 17.1 ◦C.
It is 2.5 ◦C warmer than the control experiment, but 2.7 ◦C
warmer than the pre-industrial experiment. We ﬁnd that the
uncertainties in analyses of mid-Pliocene climate anomalies
are small on a global scale, but still large on a regional scale.
On the regional scale, these uncertainties should be noted
and assessed in future PlioMIP studies.
1 Introduction
The mid-Pliocene period, the most recent period in Earth’s
history, is thought to be a potential analog for the long-term
fate of the climate system in the coming future (e.g. Jansen
et al., 2007; Dowsett et al., 2010; Meehl et al., 2007). It has
been a focus for geological (e.g. Dowsett et al., 1992, 1994,
1996, 1999, 2009, 2010) and modeling (e.g. Chandler et al.,
1994;Sloanetal.,1996;Haywoodetal.,2000;Haywoodand
Valdes, 2004; Jiang et al., 2005; Yan et al., 2011) studies for
more than one decade.
As a potential analog for the coming future, more attention
is being paid to the mid-Pliocene warm period. A recent mid-
Pliocene simulation (Lunt et al., 2010) and reconstruction of
pCO2 in the Pliocene (Pagani et al., 2009) indicate that cli-
mate sensitivity to the Earth system feedbacks is larger than
climate sensitivity to the fast feedbacks. δ18O records from
coral skeletons found in Philippines demonstrate that perma-
nent El Ni˜ no conditions did not exist during the Pliocene
warm period (Watanabe et al., 2011). New sensitivity analy-
ses (Lunt et al., 2012) indicate that the elevated atmospheric
CO2 level is the main reason for the warm mid-Pliocene cli-
mate on a global scale. On a regional scale, ice sheet retreat
and decrease in topography caused by the ice sheets retreat
are the major reasons for the stronger warming at high lati-
tudes in the mid-Pliocene.
In order to better understand the dynamics behind
the mid-Pliocene warm climate, and to further reduce
gaps between simulations and reconstructions, the Pliocene
Model Intercomparison Project (PlioMIP) has been recently
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Fig. 1. SST (◦C) and sea-ice ﬁelds used in the experiments, left column for February, and right column for August. (a) and (d) for monthly
mean HadISST between 1879–1900. (b) and (e) for local modern SST. (c) and (f) for mid-Pliocene SST. Gray represents the area covered
by sea-ice.
initiated (Haywood et al., 2010, 2011). Within the PlioMIP
framework, an increasing number of mid-Pliocene simula-
tions (e.g. Chan et al., 2011; Koenig et al., 2012; Yan et al.,
2012; Zhang et al., 2012) are being published. According
to the PlioMIP experimental guidelines, two sets of exper-
iments should be conducted based on the PRISM (Pliocene
Research, Interpretation and Synoptic Mapping) reconstruc-
tions (Dowsett et al., 2010). The ﬁrst set includes a reference
and a mid-Pliocene experiment run with atmosphere-only
climate models (AGCM experiments, referred to as Exper-
iments I). The second set includes a pre-industrial and a mid-
Pliocene experiment run with coupled ocean-atmosphere cli-
mate models (AOGCM experiments, referred to as Experi-
ments II).
Here, we describe the reference and mid-Pliocene experi-
ments with the atmosphere component of the low-resolution
version of the Norwegian Earth System Model (NorESM-L),
Community Atmosphere Model version 4 (CAM4). The sim-
ulations with the coupled NorESM-L have been described by
Zhang et al. (2012).
As the PlioMIP experimental guidelines suggest, the refer-
ence experiment is called pre-industrial experiment, but car-
ried out based on local modern SST ﬁelds (Haywood et al.,
2010). However, due to the increased greenhouse gas lev-
els since the pre-industrial, modern SSTs are warmer than
the pre-industrial. Whether the utilization of modern SSTs
largely underestimates the climate anomalies between the
mid-Pliocene and the pre-industrial is not assessed. Thus, in
this paper, we also consider the potential inﬂuence of SST
ﬁelds used in the reference experiment in analyses of the
mid-Pliocene climate anomalies.
The experiments presented in the paper are contributions
from the Bjerknes Centre for Climate Research (BCCR) and
the Norwegian Climate Centre (NCC) to the PlioMIP Exper-
iments I. Section 2 introduces the CAM4 model. In addition
to the information that has already been given by Zhang et
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Fig. 2. Topography (m) conditions used in the experiments, (a) for
local modern topography, (b) for the topography difference used to
create the mid-Pliocene topography.
al. (2012), in Sect. 3 we present details on the source and
implementation of the boundary conditions (including SSTs,
topography, vegetation and ice-sheets) that have been used
in the PlioMIP simulations. Section 4 gives an overview on
general results of the climate simulations. In Sect. 5 we con-
clude with a general discussion and summary.
2 Model description
The model used in this study is the spectral version of the
Community Atmosphere Model CAM4 (Neale et al., 2010;
Eaton, 2010), which was developed at the National Center
for Atmospheric Research (NCAR). The resolution used for
the model CAM4 is T31 in the horizontal, approximately
3.75 degrees, and 26 levels in the vertical. This model is
exactly the same as that used in the coupled simulations,
and has been introduced by Zhang et al. (2012). Two pa-
rameters that are special to the NorESM-L are described
here: the minimum relative humidity for low (cldfrc rhminl)
and for high (cldfrc rhminh) stable clouds. Tuning of these
two parameters can reduce cooling bias in simulations with
the default parameters taken from the low-resolution version
of Community Earth System Model (CESM) or Commu-
nity Climate System Mode, version 4 (CCSM4), and thus
make simulations more realistic. In the coupled simulation
with NorESM-L (Zhang et al., 2012), we ﬁnd that the cld-
frc rhminl set to 0.835 and the cldfrc rhminh set to 0.800 are
the best options. Other parameters are set to the default val-
ues for pre-industrial simulation with the CAM4. More infor-
mation about the CAM4 is given by Neale et al. (2010), and
in the user guide (Eaton, 2010) and the model validation pa-
per for the low-resolution version of CCSM4 (Shields et al.,
2012). Detailed introductions to the NorESM are provided
by Alterskjær et al. (2011) and Zhang et al. (2012).
3 Boundary conditions and experimental designs
3.1 SST and sea ice
Following the PlioMIP experimental guidelines (Haywood,
et al., 2010), local modern SST and sea-ice ﬁelds should be
used in the reference experiment. Our local modern SST and
sea-ice ﬁelds (Fig. 1b, e) are created by Hurrell (2005), based
on the Hadley Center SST anomalies with the Reynolds SST
climatology. They represent the situations for 2000s, which
are warmer than pre-industrial SSTs. Thus, we choose the
monthly mean SSTs from 1870–1900 HadISST to create the
pre-industrial SSTs. The pre-industrial SST ﬁelds (Fig. 1a,
d) are created with the anomaly method (Eq. 1) similar to the
one suggested by the PlioMIP experimental guidelines (Hay-
wood, et al., 2010).
SSTpre-industrial = HadISST1870-1900
−ModernSSTPRISM + ModernSSTLocal (1)
Pre-industrial sea-ice area is identical to its local modern
match.
The generation of mid-Pliocene SST and sea-ice forcing
(Fig. 1c and f) follows as well the anomaly method (Eq. 2)
described by Haywood et al. (2010).
SSTmid-Pliocene = mid-PlioceneSSTPRISM
−ModernSSTPRISM +ModernSSTLocal (2)
Sea ice area follows the mid-Pliocene monthly SSTs. Where
SST is higher than −1.8 ◦C, the sea ice coverage is set to 0.
3.2 Land-sea mask and topography
Following the PlioMIP experimental guidelines (Haywood,
et al., 2010), the reference experiment uses the local modern
land-sea mask and topography conditions. The mid-Pliocene
land-sea mask equals the local modern condition. It is the
same mask as that used in the coupled simulation (Zhang
et al., 2012). The mid-Pliocene topography is based on the
PRISMtopographyﬁletopo v1.3(Sohletal.,2009),andcre-
ated with the anomaly method (Fig. 2, Eq. 3).
Topomid-Pliocene = mid-PlioceneTopoPRISM
−ModernTopoPRISM +ModernTopoLocal (3)
Compared to the modern topography (Fig. 2b), large
changes in mid-Pliocene topography appear in particular on
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Fig. 3. Pre-industrial and mid-Pliocene land cover conditions (%), left column for the pre-industrial, right column for the mid-Pliocene.
(a) and (f) for the percentage of bare land. (b) and (g) for the percentage of needleleaf trees, including needleleaf evergreen temperate
tree, needleleaf evergreen boreal tree, and needleleaf deciduous boreal tree. (c) and (h) for the percentage of broadleaf trees, including
broadleaf evergreen tropical tree, broadleaf evergreen temperate tree, broadleaf deciduous tropical tree, broadleaf deciduous temperate tree,
and broadleaf deciduous boreal tree. (d) and (i) for the percentage of shrubs and grasses, including broadleaf evergreen temperate shrub,
broadleaf deciduous temperate shrub, broadleaf deciduous boreal shrub, arctic C3 grass, cool C3 grass, warm C4 grass, and crop. (e) and
(j) for the percentage of land ice.
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Greenland and at the margin of the Antarctic because of the
reconstructed retreat of ice-sheets. The Rocky and Andes
mountains are higher in the mid-Pliocene topography.
3.3 Vegetation and ice-sheet
Following the PlioMIP experimental guidelines (Haywood,
et al., 2010), the pre-industrial experiment uses the vege-
tation and ice-sheet conditions (Fig. 3) for year 1850. The
mid-Pliocene vegetation and ice sheet conditions are created
based on the PRISM condition biome veg v1.2 (Hill et al.,
2007; Salzmann et al., 2008). Firstly, it is changed to the
LSM (Land System Model) vegetation types (https://wiki.
ucar.edu/display/paleo/Biome4+conversion+to+LSM), and
then converted to PFTs (Plant Function Types, http://www.
cgd.ucar.edu/ccr/paleo/Notes/lsm2clm.txt). Compared to the
pre-industrial vegetation, in the mid-Pliocene simulation, the
percentage of bare land is reduced, while the percentage of
treesincreases(Fig.3).Themid-Plioceneextentofice-sheets
is smaller on Greenland and at the margin of the Antarctic.
The vegetation and ice-sheet conditions used in this study
are identical to those used in Experiments II with NorESM-
L (Zhang et al., 2012).
3.4 Experimental design
With the above described conditions, we design three exper-
iments here: the pre-industrial experiment, the control ex-
periment, and the mid-Pliocene experiment (Table 1). The
control experiment is the reference experiment as suggested
by the PlioMIP experimental guidelines. These three experi-
ments are run for 50yr. Time series of global mean SAT are
shown in Fig. 4a. Other results described below are based
on climatological means from the last 20yr of each simula-
tion. These climatological means are similar to the means of
the last 30yr of each experiment, which are suggested by the
PlioMIP experimental guidelines.
4 Results
4.1 Pre-industrial and control experiment
4.1.1 SAT
For the pre-industrial experiment, the global mean annual
SAT is 14.4 ◦C. It is 0.2 ◦C colder than the global mean an-
nual SAT (14.6 ◦C) in the control experiment (Fig. 4a, Ta-
ble 2). Both simulations are warmer than the estimation of
the pre-industrial SAT (about 13.5 ◦C, Hansen et al., 2010),
and close to the modern global mean annual SAT.
The simulated zonal mean annual SAT (Fig. 4b) is simi-
lar in the pre-industrial and in the control experiment. The
results agree with the zonal mean annually averaged EAR-
interim temperature between 1979 and 2008 (Dee et al.,
2011), in particular in the low and middle latitudes of both
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Fig. 4. (a) Time series of SAT (◦C) in the pre-industrial (red line),
the control (black line), and the mid-Pliocene (blue line) experi-
ment. (b) Simulated zonal mean annual SAT (◦C), with comparison
to the ERA-interim temperature from 1979 to 2008. (c) Simulated
zonal mean annual precipitation (mm d−1), with comparison to the
Global Precipitation Climatology Project (GPCP) 1979–2008 pre-
cipitation.
hemispheres, though the discrepancy looks relatively large
close to the Poles.
The simulated annual SAT ﬁelds show the same pat-
tern in the pre-industrial (Fig. 5a) and the control experi-
ment (Fig. 5b). The highest SAT appears over the western
tropical Paciﬁc Ocean and the Indian Ocean, where the an-
nual SAT is higher than 28 ◦C. The coldest SAT occurs in
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Table 1. Boundary conditions for the pre-industrial, the control and the mid-Pliocene experiment.
Conditions Pre-Industrial Control Mid-Pliocene
Land-sea mask Local modern Local modern Local modern
Topography Local modern Local modern PRISM Topo ano.+local modern
SST HadISST ano.+local modern Local modern PRISM SST ano.+local modern
CO2 280ppm 280ppm 405ppm
N2O 270ppb 270ppb 270ppb
CH4 760ppb 760ppb 760ppb
CFCs 0 0 0
Solar constant 1370Wm−2 1370Wm−2 1370Wm−2
Vegetation Local pre-industrial Local pre-industrial PRISM vegetation
Orbital parameters Year 1950 Year 1950 Year 1950
Table 2. Globally averaged climatology for the pre-industrial, the control and the mid-Pliocene experiment
Exp. Pre-industrial Control Mid-Pliocene
Top energy balance −3.97Wm−2 −3.17Wm−2 0.39Wm−2
Surface air temperature 14.4◦C 14.6 ◦C 17.1◦C
Precipitation 2.9mmd−1 2.9mmd−1 3.0mmd−1
the Antarctic, where the annual SAT is lower than −50 ◦C.
Such a pattern is in agreement with the ERA-interim annual
temperature ﬁelds (Fig. 5c, Dee et al., 2011).
4.1.2 Precipitation
In the pre-industrial experiment, the global mean annual pre-
cipitation is 2.9mmd−1 (Table 2). It is the same as the global
mean annual precipitation in the control experiment. In these
twoexperiments,highestzonalmeanannualprecipitationap-
pears in the Intertropical Convergence Zone (ITCZ), at about
6.5mmd−1 (Fig. 4c). At the Poles, zonal mean annual pre-
cipitation is low, at about 0.2mmd−1 at the South Pole and
about 0.5mmd−1 at the North Pole. The simulated zonal
mean annual precipitation matches the zonal mean of ob-
served precipitation from the Global Precipitation Climatol-
ogy Project (GPCP; Adler et al., 2003) averaged over the pe-
riod1979–2008.Theoverallpatternandamountofsimulated
global precipitation agree with the observations (Fig. 5d–f).
However, large discrepancies of annual precipitation be-
tween the simulations and the observation appear in the trop-
ics. The simulations overestimate the annual precipitation
over e.g. the Arabian Sea, the South China Sea, the tropi-
cal Paciﬁc in the Northern Hemisphere and East Asia; and
underestimate the annual precipitation over e.g. the Indian
Ocean and the tropical Paciﬁc in the Southern Hemisphere.
4.2 Mid-Pliocene experiment
4.2.1 SAT
In the mid-Pliocene experiment, the global mean annual
SAT is 17.1 ◦C (Table 2). It is 2.7 ◦C warmer than the pre-
industrial experiment, and 2.5 ◦C warmer than the control
experiment. Compared to the pre-industrial or the control ex-
periment, stronger warming appears in the high latitudes of
both hemispheres, whereas weak cooling occurs in the trop-
ics of the mid-Pliocene experiment (Fig. 6). Near the Equa-
tor, the zonal mean annual SAT increases only by 1 ◦C. At
high latitudes of the Southern Hemisphere, the zonal mean
annual SAT increases by 11 ◦C. Largest warming appears
near the North Pole, where the zonal mean annual SAT in-
creases by 13 ◦C. Such changes, with stronger warming at
high latitudes, follow the mid-Pliocene SST anomalies re-
constructed by the PRISM (Dowsett et al., 2009), and also
agree with PlioMIP simulations of other groups (e.g. Chan et
al., 2011; Koenig et al., 2012; Yan et al., 2012; Kamae and
Ueda, 2012; Contoux et al., 2012).
Stronger warming at high latitudes can also be observed
in the seasonal SAT anomalies, in particular in winter. In
boreal winter, zonal mean SAT over the Arctic in the mid-
Pliocene experiment increases by 21 ◦C relative to the pre-
industrial experiment, and by 19 ◦C relative to the control
experiment (Fig. 6). In austral winter, zonal mean SAT at the
margin of the Antarctic in the mid-Pliocene experiment in-
creases by 16 ◦C relative to the pre-industrial or the control
experiment.
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Fig. 5. Global annual SAT (left column, ◦C) and precipitation (right column, mm d−1) simulated in the pre-industrial (a, d), and the control
(b, e) experiment, with comparison to the ERA-interim 1979–2008 SAT (c) and GPCP 1979–2008 precipitation (f) .
4.2.2 Precipitation
In the mid-Pliocene experiment, the global mean annual pre-
cipitation is 3.0mmd−1 (Table 2). It is 0.1mmd−1 larger
than the global mean annual precipitation simulated in the
pre-industrial and the control experiment.
The zonal mean mid-Pliocene annual precipitation de-
creases in the tropics by 0.7mmd−1 relative to the pre-
industrial experiment, and by 0.6mmd−1 relative to the con-
trol experiment (Fig. 4c and Fig. 7). At tropics, the changes
in precipitation have large regional variations. On the global
precipitation anomaly map, larger annual precipitation incre-
ments (>3mmd−1) appear over the north Arabian Sea (on
the coast of the Arabian Peninsula), tropical Africa, and the
west coast of tropical South America. Larger decreases in
annual precipitation (< −3mmd−1) appear over the Indian
Subcontinent, the South China Sea, the Bismarck Sea (on the
north coast of the island of New Guinea), and the tropical Pa-
ciﬁc on the coast of Central America (Fig. 7).
At middle and high latitudes of both hemispheres,
the zonal mean annual precipitation increases by about
0.5mmd−1. The changes of precipitation have less regional
variations in the middle and high latitudes relative to in the
tropics. The largest annual precipitation increment occurs
over the Norwegian Sea (4mmd−1), where the SSTs are
remarkably larger in the PRISM mid-Pliocene reconstruc-
tions (Dowsett et al., 2009).
The mid-Pliocene anomalies of global mean precipitation
do not depend strongly on the choice of the reference sim-
ulation (i.e. the pre-industrial simulation or the control sim-
ulation). However, apparent discrepancies exist in regional
precipitation anomalies. For example over the Indian Sub-
continent or the Indonesian archipelago, the simulated mid-
Pliocene boreal summer precipitation decreases by 4mmd−1
relative to the control experiment, but decreases by 6mmd−1
relative to the pre-industrial experiment.
5 Discussion and summary
As described above, the simulated temperature and pre-
cipitation in the pre-industrial and the control experiment
both agree with modern observations. The simulated mid-
Pliocene climate is warmer than the pre-industrial and the
control experiment, in particular in the high latitudes and
during the winter season. The simulated general patterns of
mid-Pliocene warming agree with our earlier coupled simu-
lations (Zhang et al., 2012), and also simulations from other
PlioMIP groups (e.g. Chan et al., 2011; Koenig et al., 2012;
Yan et al., 2012; Zhang et al., 2012; Kamae and Ueda, 2012;
Contoux et al., 2012).
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Fig. 6. SAT anomalies (◦C), left column for the anomalies between the mid-Pliocene and the pre-industrial experiment, right column for the
anomalies between the mid-Pliocene and the control experiment. (a) and (d) for annual mean, (b) and (e) for boreal summer, and (c) and
(f) for boreal winter. The bold lines in the middle show zonal mean values for these anomalies.
The analysis of mid-Pliocene climate anomalies necessi-
tates a reference experiment. In our study, if the control ex-
periment is chosen to be the reference, as the PlioMIP ex-
perimental guidelines suggest, the mid-Pliocene global mean
annual SAT increases by 2.5 ◦C. If on the other hand the
pre-industrial experiment is chosen as the reference, the mid-
Pliocene global mean annual SAT increases by 2.7 ◦C, which
is 8% larger. This difference is not large, and to some extent
can be neglected on a global scale.
On a regional scale, however, the choice of the refer-
ence simulation clearly inﬂuences the mid-Pliocene climate
anomalies (Fig. 8). For example, if the pre-industrial exper-
iment is chosen as the reference (instead of the control ex-
periment), the mid-Pliocene zonal mean annual SAT anoma-
lies are increased (decreased) by 30% (55%) at middle (low)
latitudes. Over the Indian Subcontinent, the simulated mid-
Pliocene boreal summer precipitation reduction is further en-
larged by 50%, when the pre-industrial experiment is chosen
to be the reference (Fig. 7).
The PlioMIP experimental guidelines suggest employing
local modern SST ﬁelds in the reference experiment for Ex-
periments I. The mid-Pliocene SST forcing is created ac-
cording to the anomaly method, in which the PRISM mid-
Pliocene SST anomalies are added on the local modern SST
ﬁelds (i.e. group-speciﬁc). This experiment design is useful
for calculation of climate sensitivity considering the PRISM
mid-Pliocene SST anomalies. It is also a common basis for
future comparisons of PlioMIP AGCM simulations.
However, it should be noted that, compared to the PlioMIP
AOGCM simulations (Experiments II), the mid-Pliocene
climate anomalies may be underestimated in the PlioMIP
AGCM simulations (Experiments I). All PlioMIP AGCM
simulations use modern SSTs in reference experiments, but
all AOGCM experiments use pre-industrial simulations as
reference experiments. We indeed ﬁnd a difference between
our AGCM and AOGCM simulations (Zhang et al., 2012),
and also in the simulations carried out by Chan et al. (2011).
The simulations carried out by Kamae and Ueda (2012) and
Contoux et al. (2012) on the other hand do not show such
differences. This issue should be noted and further assessed
during the upcoming PlioMIP analysis and synthesis phase.
In summary, we describe the PlioMIP experiments I with
the atmosphere component (CAM4) of the NorESM-L cli-
mate model in this paper. In accordance with the PlioMIP
experimental guidelines, we carry out a mid-Pliocene ex-
periment, and a control experiment forced by the standard
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Fig. 7. Precipitation anomalies (mm d−1), left column for the anomalies between the mid-Pliocene and the pre-industrial experiment, right
column for the anomalies between the mid-Pliocene and the control experiment. (a) and (d) for annual mean, (b) and (e) for boreal summer,
and (c) and (f) for boreal winter. The bold lines in the middle show zonal mean values.
Fig. 8. Uncertainties in mid-Pliocene SAT anomalies introduced by the choice of the SST forcing. (a) Differences in annual mean SST
between the local modern and the 1879–1900 HadISST. (b) Differences between the mid-Pliocene SAT anomalies relative to the pre-
industrial and the mid-Pliocene SAT anomalies relative to the control experiment, Fig. 6a–d. (c) The zonal mean for (b) . (d) The percentage
of the zonal mean difference in (c) , relative to the zonal mean SAT anomalies between the mid-Pliocene and the control experiment.
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CAM4 modern SST ﬁelds. We also carry out a pre-industrial
experiment forced by the SST climatology from 1879–1900
HadISST, which is close to the pre-industrial forcing. With
these three AGCM experiments, we assess potential uncer-
tainties in analyzing mid-Pliocene climate anomalies.
Our experiments illustrate that the simulated mid-Pliocene
global mean SAT is 17.1 ◦C. It is 2.7 ◦C warmer than the pre-
industrial and 2.5 ◦C warmer than the control experiment.
Choosing modern SST forcing in the reference experiment
only weakly underestimates mid-Pliocene climate anomalies
on a global scale. However, on a regional scale, the poten-
tial uncertainties linked to the choice of the SST forcing for
the reference simulation should be noted and assessed in the
upcoming PlioMIP analyses.
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